Abstract: 'Grafting from' methods can achieve higher percentages of grafting than 'grafting to' methods in the preparation of carbon-chain polymer grafted inorganic nanoparticles (CCP-INs). 'Grafting from' methods -such as one-pot method, macro-monomer, macro chain transfer agent, macro-initiator, and macro-iniferter methods, used for the preparation of CCP-INs in our laboratory in the recent years -are reviewed and the grafting parameters are compared. Characterization of the CCP-INs is also described.
Introduction
Polymeric nanocomposites consisting of inorganic nanoparticles and organic polymers represent a new class of materials, which exhibit improved performance when compared with their microparticle counterparts. It is therefore expected that they open new horizons in the field of engineering applications [1] . In fact, the outstanding characteristics of polymer nanocomposites mainly originate from their ultrafine phase dimensions. As a result, the properties of the composites are strongly influenced by the nature of the filler/matrix interface. It means that control and/or manipulation of the surface properties of the nanoparticles are of great importance.
In general, there are two ways to modify the surface of inorganic particles. The first one is carried out through surface absorption or reaction with small molecules, such as butyl alcohol [2] and coupling agents [3, 4] . The second method is based on grafting polymeric molecules through covalent bonding to the hydroxyl groups existing on the particles. The advantage of the second procedure over the first one lies in the fact that the polymer-grafted particles can be provided with desired properties through proper selection of the species of grafting monomers and of the grafting conditions. In this way, structure-property relationships of nanocomposites can be tailored on purpose.
Grafting polymer onto the surface of inorganic nanoparticles is a field of growing interest. Several investigations have been conducted with the aim to improve the dispersibility of these particles in solvents and their compatibility with polymer matrices [5, 6] . This technique also can be used for the preparation of hollow polymeric nano-spheres [7] . Mostly, the grafting polymerization was conducted via 1 two routes.
(1) The 'grafting to' method: readymade polymers with reactive end groups reacted with the functional groups on the particle surface [8, 9] , the percentages of grafting (PGs) were about 20% because of the pronounced steric hindrance of the readymade polymers and the cross-linking reactions that might have occurred.
(2) The 'grafting from' method: polymerizable groups such as carbon-carbon double bonds, chain-transfer groups or initiator groups were covalently attached to inorganic particle surfaces and then the polymerization reactions were conducted. For the 'grafting from' method, PGs reached 50% except for the surface-initiated living/controlled radical polymerization (SI-LCRP) of monomers from inorganic nanoparticles [10, 11] . However, the introduction of the ATRP initiators onto the inorganic nanoparticles was expensive and time-consuming.
Our group has prepared macro-monomers, macro chain transfer agents, macroinitiators, and macro-iniferters by one or more steps of chemical reactions from inorganic nanoparticles. The products were successfully used for the preparation of carbon-chain polymer grafted inorganic nanoparticles (CCP-INs) by the 'grafting from' method. Here a short review comparing the products from methods mentioned above is presented.
Preparation and results

One-pot method
In the one-pot method, the initiator 2,2'-azoisobutyronitrile (AIBN), the coupling agent vinyltriethoxysilane (VTEOS), styrene and the bare silica nanoparticles have been mixed and reacted in toluene [12] . The two reactions, the copolymerization of VTEOS and styrene and the coupling reaction between the ethoxy groups in the side chains of the copolymer and the silanol groups on the surface of the silica nanoparticles, occurred synchronously (Scheme 1). Non-grafted polystyrene (PS n ) and grafted polystyrene (PS g ) were separated by extraction with toluene and etching with hydrofluoric acid (HF) (Scheme 2). The effects of the amounts of AIBN and VTEOS, of polymerization temperature and time on the conversion of styrene (C), the percentage of grafting (PG) (weight ratio of grafted PS to charged silica), the grafting efficiency (GE) (weight ratio of grafted PS to total PS) and on the average molecular weights (M n and M w ) of grafted polystyrene (PS g ) and non-grafted polystyrene (PS n ) were discussed. A conversion (C) of 73%, PG of 17% and GE of 9% were achieved under optimized polymerization conditions. 
Macro-monomer method
γ-Methacryloxypropyltriethoxysilane (MPTES) has been used as coupling agent to introduce vinyl groups onto the surface of silica nanoparticles [13] . The γ-methacryl-2 oxypropyl silica nanoparticles (MPSNs) have been used as macro-monomer for the copolymerization with styrene by solvent radical polymerization (SRP) in toluene [14] , dispersion radical polymerization (DRP) in water with polyvinylpyrrolidone (PVP) as dispersant [15] , bulk radical polymerization under microwave irradiation (MWBRP) [16] and anionic polymerization (AP) in dry cyclohexane solution [17] . The grafting parameters C, PG, and GE, under optimized polymerization conditions for the polymerization of styrene, are summarized in Tab. 1. It is found that larger molecular weights of PS and higher conversion and percentage of grafting of styrene could be obtained with the anionic polymerization (AP) method compared with radical polymerizations. 
Mixture of PS encapsulated silica and non-grafted PS
Macro chain transfer agent method
In situ radical transfer addition polymerizations of styrene from silica nanoparticles have been carried out by free radical polymerization of styrene in the presence of mercaptopropyl-modified silica nanoparticles (MPSNs) as macro chain transfer agents (Scheme 3). By using initiator (AIBN) [18] , the effects of the amount of AIBN, polymerization temperature and time on the conversion of styrene (C) and the percentage of grafting (PG) were investigated. C of 43% and PG of 38% could be achieved under optimal conditions (80°C for 5 h with 3% AIBN). By using thermal initiation without initiator [19] , the effects of polymerization temperature and time on C 3 and PG were investigated. C of 45% and PG of 16% could be achieved under optimal conditions (80°C for 3 h). The PG of the polymerization with initiator is much higher than that with heating. This is due to the higher number of radicals produced by the decomposition of AIBN. 
Macro-initiator method
Surface-initiated radical polymerizations (SIRP) have been successfully used for the fabrication of polymer brushes on various solid surfaces by using self-assembled monolayers of an initiator, such as silicon oxide [20] , and silica gel [21] . Furthermore, the SIP technique plays an important role in the preparation of polymer-grafted inorganic nanoparticles by the macro-initiator method.
Self-assembling techniques on the molecular level make nearly all kinds of polymerizations possible to be carried out on the surface of inorganic nanoparticles. Polyacrylamide-grafted silica nanoparticles (PAM-SNs) were prepared by the in situ surface-initiated free radical polymerization of acrylamide (AM) from silica nanoparticles with a self-assembled monolayer (SAM) of N-methylaniline (NMA) in the presence of benzophenone under ultraviolet (UV) irradiation (Scheme 4) [22] .
Initiators for both normal radical and atom transfer radical polymerizations (ATRP) have been immobilized onto the surfaces of inorganic nanoparticles. The research 4
progress of surface-initiated polymerization from inorganic nanoparticles to prepare organic-polymer grafted inorganic nanoparticles has been reviewed previously [5] .
Thus the active radicals were all anchored on the surface of nanoparticles and there were no free active radicals in the polymerizing system: the chain propagation reactions all occurred on the surface of the nanoparticles, and the surface-initiated atom transfer radical polymerization (SI-ATRP) could achieve higher percentage of grafting (PG) due to its characteristics. The polymers obtained were all grafted on the surfaces of the inorganic nanoparticles and the grafting efficiency (GE) was 100%. 
Scheme 6. Preparation route to c-PS-SNs
Comb-like polystyrene-grafted silica nanoparticles (c-PS-SNs) have been prepared by the following steps: (a) Methacryloxypropyl silica nanoparticles (MPSN) were used as macro-monomers and free-radical copolymerized with 4-vinylbenzyl chloride (VBC) by solution polymerization; (b) the product of (a), poly(4-vinylbenzyl chloride)-grafted silica nanoparticles (PVBC-SN), was separated and then used as macroinitiator for the surface-initiated atom transfer radical polymerization (SI-ATRP) of styrene catalyzed by the complex of Cu(I)Br and 2,2'-bipyridyl (bipy) in toluene solution (Scheme 6) [24] . Structurally well-defined polymer chains were grown from the nanoparticles' surfaces to yield particles composed of a silica core and a well defined, densely grafted outer comb-like PS layer. A percentage of grafting (PG) of more than 80% was achieved after a polymerization time of 5 h.
Macro-iniferter method
Photo-initiators with diethyldithiocarbamyl groups were often used under UV irradiation because of the simple operation [25] . Diethyldithiocarbamyl-modified silica nanoparticles (DEDTAPSN) have been prepared and used as macro-iniferters for the surface-initiated controlled/'living' radical polymerization (SI-CLRP) of styrene under UV irradiation (Scheme 7) [26] . Well-defined polymer chains were grown from the nanoparticles' surfaces to yield particles composed of a silica core and a welldefined, densely grafted outer PS layer with PG of 276% after 5 h UV irradiation time.
Polystyrene-grafted silica nanoparticles (PS-SNs) have also been prepared by the following two-step UV-induced reactions: methacryloxypropyl silica nanoparticles (MPSNs) were modified with the monomer-iniferter 4-vinylbenzyl N,N-diethyldithiocarbamate (VBDC) under UV irradiation. Then the VBDC-modified silica nanoparticles (VBDCSNs) were used as iniferters for the surface-initiated controlled/'living' radical polymerization (SI-CLRP) of styrene (Scheme 8) [27] . 
Characterization and applications
Surface analyses by X-ray photoelectron spectroscopy (XPS) showed that surface contents of Si (in the inorganic nanoparticle cores) of carbon-chain polymer grafted inorganic nanoparticles (CCP-INs) obtained from the 'grafting from' methods mentioned above were much lower than those of the bare silica nanoparticles. The surface contents of carbon had increased obviously after the 'grafting from' procedures. It indicates that nanoparticles with an inorganic core and an outer layer of covalently attached carbon-chain polymers were obtained.
Thermogravimetric analysis (TGA) results of the CCP-INs and the non-grafted polymers showed that the thermal stabilities of the carbon-chain polymers had been improved through covalent attachment onto the inorganic nanoparticles.
All CCP-INs showed much better dispersibility in organic solvents than the bare inorganic nanoparticles, as became clear from transmission electron microscopy (TEM). It is expected that they can be used as nanofillers for the preparation of nanocomposites via a simple mixing method.
Because of the high conversion of monomer, the products from microwave irradiation (MWBRP) and anionic polymerization (AP) methods could be used as nanocomposites directly. The surface-initiated controlled/'living' radical polymerization (SI-CLRP) methods, such as the macro-initiator and the macro-iniferter methods, are more suitable for the preparation of CCP-INs with well-defined, densely grafted outer polymer layers.
Conclusion and perspectives
The surface-initiated controlled/'living' radical polymerization (SI-CLRP) techniques introduce additional advantages, due to the living character of the polymerization mechanism, which allow producing polymer chains that are chemically bound to the surfaces of nanoscale matters. The thickness of the polymeric shells out of the nanoscale cores can be controlled. This offers a route to new materials with predefined structure and performance and needs to be explored to prepare truly advanced materials possessing a novel synergism of properties. So the SI-CLRP 7
techniques will be the most used methods for the preparation of carbon-chain polymer grafted inorganic nanoparticles. However, the preparation procedure of the SI-CLRP initiator-modified cores or layers is fussy. So the main research interest will be focused on convenient initiator-modifications to achieve macro-initiators for SI-CLRP. Furthermore, characterizations have to be conducted and applications of the well-defined structural products must be developed.
